Abstract. We present evidence for pore water flow through the sediment of Crater Lake, Oregon based on systematic variations in pore water chemical compositions and thermal gradients. Pore water was extracted from sediment by centrifugation and diffusive exchange using a gravity corer deployed from a surface vessel and a box corer and peepers deployed from the submersible Deep Rover in a known geologic context. Depth profiles of sediment temperature were measured using two probes deployed from the submersible. One probe was connected to the submersible whereas the other was self-contained and deployed for 7 days. On the basis of measured and calculated depth profiles of pore water Na, Ca, Mg, K, Li, and temperature, we show that pore water upwells in zones of focused upflow at speeds of meters to hundreds of meters per year. These zones of focused flow are patchy and usually cover several square meters to hundreds of square meters and are marked by iron-manganese-rich crusts, bacterial mats, and saline pools. In contrast, most of the lake floor consists of sediment derived from the caldera walls and has a low heat flow with pore water velocities of millimeters per year. The chemical composition of the pore water that upwells through the sampled section of the sediment column differs from core to core. This difference results from mixing a hydrothermal fluid in igneous basement below the lake with lake water before the final ascent through the sediment column. Elemental ratios of this thermally and chemically altered fluid in basement match those calculated based on mass balance considerations. Calculation of mass balance and geothermometry constrain the temperature in basement and ultimately the power output, which is about 30 MW. This power output is in agreement with two other estimates that were calculated using temperature data from the water column and measurements of sediment heat flow.
Introduction
Crater Lake, Oregon is located in the southern section of the Cascade mountain range (Figure 1 ) in the completely enclosed caldera of Mount Mazama, an andesitic volcano. Crater Lake formed shortly after a cataclysmic eruption roughly 6850 years B.P. [Bacon, 1983] and volcanic activity continued for several thousand years with the last eruption about 4000 years B.?. [Bacon and Lanphere, 1990 
Benthic Setting
Crater Lake, Oregon, is enclosed by caldera walls, which rise hundreds of meters above the caldera floor and are composed of basaltic andesite [Bacon and Lanphere, 1990] . These walls define the drainage basin, obstruct surface outflow, and restrict sedimentary inputs. Sediment in Crater Lake is mostly aluminosilicate debris. Net accumulations of aluminosilicate debris, biogenic debris from the euphotic zone, and ironmanganese-rich precipitates from input of hydrothermal water at the lake bottom [Dymond and Collier, 1990 ] differ from tens of centimeters on the slopes of the caldera walls to several meters on Wizard Platform to about 100 m in basement depressions [Barber and Nelson, 1990] .
Most of the lake floor is covered by a smooth layer of aluminosilicate debris that is undisturbed by benthic organisms. In the South Basin, other sedimentary and biological features were observed. For example, we located and sampled iron-manganese-rich crusts that contain about 35 weight per cent (wt %) F e and less than 1 wt % A1. These crusts form multi colored pavements (ochre to dark brown) that cover tens to hundreds of square meters, fields of pebbles that also cover tens to hundreds of square meters, and multiple ochre-colored layers that are visible in areas of sediment slumping [Dymond and Collier, 1990] . Other features that were sampled include bacterial mats, which are 2 to 20 m in length and several meters across and are mostly composed of iron-oxidizing, sheathforming bacteria of the genera Gallionella and Leptothrix [Dymond et al., 1989] and saline pools, which have salinities and temperatures that are greater than that measured in the surrounding lake water. A more detailed physical, chemical, and thermal description of the mats and pools is given by Collier et al. [ 1991 ] .
Methods
Sediment and pore water was sampled using a gravity corer, a box corer, "peepers," and two temperature probes to characterize profiles of the chemical composition and thermal gradient of pore water and to quantify sediment physical properties. Gravity cores (GC) up to 170 cm in length were collected from a surface vessel. These cores were used to target general areas of interest where longer sediment sections were desired. Box cores (BC), "peepers" (letters A through H, Figure 2) , and temperature probes were used to target specific sedimentary features in a known geologic setting using the submersible Deep Rover. Niskin bottles also were deployed from the submersible to collect water from mats and pools on the lake floor and are reported as lake floor spring samples herein.
Sediment samples for pore water extraction were taken from 14 gravity cores ( Figure 1 ) and 8 box cores, which were 0.06 to 0.2 m in length (Figure 2 ). Gravity cores were packed in snow and transported to a van, held at 3 ø -5øC where they were split, described, and sampled for sediment physical properties and for pore water extraction by centrifugation within 12 hours of retrieval. Box cores were retrieved using a miniature Soutar-type box corer that was developed for deployment by a submersible [Soutar et al., 1981] . These cores were packed in snow and sampled immediately by whole-core squeezing Figure 1 . Two of the eight box cores were collected out of this area. [Bender et aL, 1987] . In addition, discrete sediment samples were taken near the base of these cores and stored in snow for 3-15 hours until they could be centrifuged. Supernatant from centrifuged sediment and pore water extracted by whole-core squeezing were filtered through 0.45 !am filters and subsampled into several aliquots. Aliquots for CI and sulfate were sealed in glass ampules. Aliquots for Na, Ca, Mg, K, and Li (4-6 mL) were spiked with 10 !xL of redistilled 1 N hydrochloric acid and stored in acid-washed, highdensity polyethylene bottles. An additional aliquot was stored in polystyrene test tubes for analysis of nutrients, pH, and total CO2, all of which were measured within 1 to 2 days of core retrieval. Some of these data are omitted in this paper because they do not provide additional arguments for the principal hypothesis of hydrothermal circulation in Crater Lake, Oregon.
Meters E of Eagle Point Figure 2. Location of box cores (BC), peepers (Letters A through F), and TTT deployments with respect to bathymetry (20 m contours). The location of Eagle Point is shown in
Pore water was collected with "peepers" to obtain samples that were not chemically altered by sampling procedures. Peepers were made from 1.27 cm thick polycarbonate sheets in which cavities 1 cm in length were milled every 2 cm down the length of the sampler. These cavities hold about 4.5 mL of water, and two cavities were milled at each sample depth. Cavities were filled with deoxygenated distilled water and covered by a 0.45 !am dialysis membrane. Peepers were stored in deoxygenated distilled water until they were inserted into the sediment. A plastic T handle was attached to the peeper to aid in deployment, and the bottom edge of the peeper was beveled to cause minimal sediment disturbance. Four peepers with 20 cavities and one peeper with 36 cavities were deployed for about 1 week (Figure 2) , during which time water in the cavities equilibrated with adjacent pore water via diffusion. Aliquots of pore water from the peepers were taken upon retrieval and stored in vacutainers. One aliquot was spiked with 10 gL of redistilled 1Nhydrochloric acid and analyzed for several metals. S i was measured on a different aliquot.
Dissolved silica was measured using a standard colorimetric technique [Parsons et al., 1984] with a precision of about 2% (1 o). Concentrations of CI were determined by ion chromatography with a precision of <2% (lo). Atomic absorption spectrometry techniques were used to measure concentrations of Na, Ca, Mg, K, and Li with precisions of less than 5% and typically less than 2% (1 o). Some sampling and/or storage artifacts exist. For example, the concentration of Na increased by 0.3 mM in all of the peeper samples, which were stored in glass vacutainers. This result is based on a systematic offset observed in plots of Na versus Li for peeper Samples versus box core, lake floor spring, and gravity samples, which were stored in plastic. Similarly, concentrations of K are 0.02 mMhigher in pore water processed by centrifugation relative to those from peepers and lake floor springs as indicated by a positive offset of 0.02 mM K in the upper-most samples from gravity cores. This artifact probably results from ion-exchange reactions that occur as a result of changes in temperature and pressure during sample handling [ The TTT recorded data continuously at one site (TTT-1) for 3 days and at a second site (TTT-2) for 4 days (Figure 2 ).
Models for Pore Water Data
Pore water depth profiles of Na from representative cores are shown in Figure 3 . Profile shapes of Ca, C1, Mg, Li, K, and Si concentrations in pore water from box cores and peepers parallel the shape defined by Na data. Likewise, chemical profile shapes of pore water data from gravity cores generally parallel Na profiles. The clear exception is Si (Figure 3) . For example, the profile of Si from GC 1 is curved, but the Na profile is linear, suggesting that different processes control the shape of these profiles. Chemical and thermal profiles of pore water are influenced by time-dependent, diffusive, advective, and reactive processes. For the one-dimensional case a mathematical representation of these processes is a(ooc)/at = a(ooD.,.(ac/az))/oz-a(½•vc)/az + •,ZR, We simplified (1) (Table 2 ). Thus models of ion profiles must include an advective term. Although sediment-water reaction may exist in some cores for some ions (i.e., Si in gravity cores), no reaction term is included in the following analysis. This does not preclude lowtemperature water-rock reactions below the sampled section or reactions in the sediment section. The analysis presented above confirms that the resulting flux generated by any sediment-water reactions, which must be relatively uniform over the area sampled, is negligible for some elements (e.g., CI, Na, and Li) relative to advective fluxes in some cores.
In the text that follows, we will use the pore water chemical data to calculate upwelling speeds. We will show that the cores listed in Table 2 have upwelling pore water speeds that range from several to hundreds of centimeters per year. As suggested by Table 2 , the advective flux is orders of magnitude greater than a flux that could be generated from reaction. Thus we conclude that the pore water with the fastest upxvelling speed is the least altered relative to the original composition of the fluid that entered the sediment section and that this original pore water at the base of the sediment section exhibits "conservative" ]nixing with lake water. Therefore, by eliminating the reaction term and avoiding elements that are highly reactive (e.g., Si), we can use the pore water data to calculate pore water upwelling speeds and to constrain the composition of the fluid below the 
Cbo t is the concentration at the base of the core and 2bo t is the length of the sampled section. Velocities of pore water flow through the sediment are calculated by minimizing the deviation between measured profiles and those calculated using (5) and a range of velocities (Figure 3 and Table 3 ). A measure of the uncertainty in these velocities is estimated by the value of the reduced X 2, which is the sum of the deviations squared divided by the variance. The best fit to the data results when the reduced X 2 is less than the 5% value, which means that the parameters used in calculating a profile have a high probability of being the correct set of parameters that describes the observed profile. Two examples are shown in Figure 5 for a range of upwelling speeds and sediment diffusion coefficients. These examples illustrate the uncertainties in modeling chemical profiles from areas with pore water upwelling speeds of the order of centimeters per year compared with larger uncertainties when estimating velocities of hundreds of centimeters per year. Note that at the slower velocities the estimated velocity is well constrained. For faster upwelling speeds the larger uncertainty results from having fewer data in the curved portion of the profile. In addition, uncertainties are greater for higher upwelling speeds because diffusion after core retrieval and disturbance of the sediment-water interface will alter the upper several millimeters of the profile [Wheat and McDuff, 1995] . Diffusion and disturbance tend to decrease the in situ gradient resulting in calculated velocities that are minima. In areas where pore water upwells at speeds greater than several hundred centimeters per year, better estimates of velocity are obtained using profiles of temperature. Table 3 reduced X 2 value is 1.8 using a variance of 0.0021 mM 2 that is calculated from concentrations of pore water in uniform sections of profiles. Values greater than 1.8 represent a low probability for the given parameters to be the correct parameters for the model. These plots illustrate the larger uncertainty in estimating upwelling speed at speeds greater than several hundred centimeters per year, primarily because of continued diffusion after core retrieval [Wheat and McDuff, 1995] and the lack of data in the curved portion of the profile.
upwelling speed based on the Ca profile to be an order of magnitude greater than the speed estimated from the other ions. Similarly, whole-core squeezing causes an increase in the concentration of Ca and Mg relative to Na because of dissolution or adsorption-exchange reactions that occur as pore water is forced through the overlying sediment [Bender et al., 1987] . Further, the analytical uncertainty is smaller for Na than for C1 or Li, and we have greater down-core coverage for Na than for these other elements. Because of the varied quality and quantity of data from which these velocities are calculated, an average of the calculated velocities is not appropriate, and the best estimate that is reported in Table 3 is heavily weighted to the Na result.
Temperature Profiles
Data from 28 temperature profiles are presented in Table 1 Twenty-eight other attempts to obtain temperature profiles resulted in having only one thermistor penetrate the sediment. Eighteen measurements were made in bacterial mats where the highest temperature recorded was 18.9øC, and six of the 18 measurements were greater than 10øC at a depth of less than 20 cm. Nine measurements were made in iron-manganese-rich sediment where temperatures range from 10.5ø to 11.2øC. The remaining measurement was made in a pool at 6.45øC. No pore water velocities were calculated from these data, but they probably are faster than speeds reported in Table 1 .
The TTT temperature probe was deployed for 1 week ( Figure  7) . Measured temperatures were uniform for the first 2 days of deployment, but on the third day, higher temperatures were recorded by the two thermistors near the sediment-water interface, reflecting either a change in the upwelling speed or a change in the depth of penetration produced by the probe settling into the sediment. After 3 days the TTT probe was moved 30 m away to an area where higher temperatures were recorded in the water column and in the sediment where it remained for 4 days. During these 4 days the three thermistors recorded temperatures that were about 0.8øC warmer than those recorded during the first 3 days of deployment. These warmer measurements for the uppermost probe, which is normally 5 cm above the sediment-water interface, are greater than the measured range of deep lake water temperature (3.5 ø to 3.9øC). This is not an instrument offset, because all of the thermistors measure 3.56øC when they were exposed to deep lake water both before and after deployment. Instead, this difference is a product of the probe penetrating deeper into the sediment than was planned. The depth of penetration was adjusted based on visual observations and a bottom water temperature of 3.9øC [McManus et aL, 1993] in calculations using (9) for minimizing the least squared deviation to the data (Table 4) . Most of the cores provide evidence for pore water flow from the sediment to the deep lake, but only one core (GC 6) has chemical profiles that are concave up. These profiles are consistent with lake water that downwells through the sediment section [e.g., Mottl, 1989] . A downward speed of about 1 cm yr -• in (5) provides the best fit to the data with an advectiondiffusion model. Redmond [1990] Table 3 . Cbo t is then varied for the best fit to the data [e.g., Wheat and Mottl, 1994] . Given velocities greater than several centimeters per year, Cbo t is simply the asymptotic concentration. Calculations of Cbo t differ by a factor of 4 for several cores (Table 5) . This difference is consistent with a reservoir model for the southern portion of Crater Lake in which lake water flows downward into basement, reacts with basement, upwells, and mixes with more lake water before entering the sediment section.
The downward seepage of lake water is probably regulated by the bulk permeability associated with fresh lava flows in the period of at least tens to hundreds of years, and it is saltier and warmer than lake water, based on pore water data and the models presented above. When this fluid upwells, it mixes with lake water below the sampled sediment section. Mixing may occur at different depths and with different ratios of the two sources, basement and lake waters. Thus different mixing ratios result in different concentrations at the base of the cores (Table  5) 
cm yr-•).
A plot of CI versus Na illustrates a single trend for pore water from zones of focused upflow (e.g., samples collected with the box corer, solid triangles in Figure 8 ) and thus supports the reservoir model. Assuming CI is conservative, deviations from this trend result from low-temperature reactions at depth that increase the concentration of Na as the fluid ascends to the sampled section. Similar C1/element linear relationships exist in data from cores with pore water upwelling speeds that are greater than tens of centimeters per year. Because of the paucity of data for C1, we have plotted Li and K versus Na to illustrate these singular mixing trends in cores from zones of focused upflow (Figure 8) . Note that for cores with pore water velocities less than tens of centimeters per year, several element/Na relationships may exist (e.g., Li/Na from GC 1, 2, and 3 in Figure 8 ). GC 1, 2, and 3 present examples of the effects of low-temperature water-sediment reactions in Crater Lake, and any pore water flow associated with these cores is a likely result of sediment compaction. These reactions add Na to the pore water, but concentrations of Li remain unchanged. With the exception of C1, Li is the most conservative element that we measured in pore water from Crater Lake.
The reservoir model does not preclude other "reservoirs" being present under the lake. All of the data used to illustrate the presence of a single reservoir are from cores with pore water that upwells at speeds greater than about 10 cm yr -t in the southern basin. Thus other reservoirs may feed hydrothermal systems in the East and North Basins. In fact, one sample with anomalously high concentrations of Na (Figure 8 ) was recovered by the submersible in the North Basin, but the hydrothermal system that generated this sample must have a minimal impact on heat and salt fluxes to the lake [McManus et al., 19931. CAssumes no water-rock interaction in stream runoff, thus equal to th• value in stream runoff.
Hydrothermal Fluid and Chemical Fluxes
• Redmond [ 1990] .
eEstimated to be one tenth of that in precipitation.
fluxes in the lake are defined by combining (10) and (11) The dominate term in (12) is the term for net seepage, which is equal to the volumetric net flux of water to basement multiplied by the composition of lake water. The composition of lake water is known to within a few percent; however, the volumetric net seepage is probably only known to within 10-20% [Redmond, 1990] . C1, Li, Na, and K fluxes from hydrothermal sources are 8.8, 2.5, 7.9, and 1.6 times, respectively, greater than the combined fluxes from precipitation and runoff. In the calculations above we assumed that diagenetic and burial fluxes were not significant for these elements. For example, the diagenetic flux of K to the lake based on the diffusional gradient of pore water concentrations from GC 1, 2, and 3 and the surface area of the lake is about 9% of the hydrothermal flux, whereas the depositional flux of K to the sediment-water interface is 11% of the hydrothermal flux. Similarly, .the diagenetic and depositional fluxes for Na are about 4% and 3%, respectively, of the hydrothermal flux. These fluxes for Li and C1 are less than 2% of calculated hydrothermal fluxes.
We can then combine any two of these equations (e.g., (13) Figure 8 further illustrate the effects of low-temperature water-rock/sediment reaction on the upwelling pore water. If we assume that C1 is conservative during upwelling from basement, then these lowtemperature reactions add Na, Li, and K to pore water. We expect these reactions to occur below the sampled section in an environment which is warmer than lake water, because the products of these reactions are much different than those defined by GC 1, 2 and 3 from areas with low heat and pore water flow and where flow is probably restricted to that from sediment compaction.
Equation ( 
Log ( Other geothermometers such as Si [Fournier and Rowe, 1966, 1977] , Na-K-Ca-Mg [Fournier and Potter, 1979] , K-Mg [Giggenbach, 1988] , and Na-K-Mg [Fournier, 1990] have been developed but are inappropriate for use with samples from Crater Lake, because the rate of reaction of Si, Ca, and Mg within sediment and basement is fast enough and too complex to reduce the data to a single trend that can then be used in calculations for the temperature at depth.
Given a temperature of 180øC in the reservoir and the geothermometers listed in (14)-(16), we calculated a basement reservoir concentration for Li, Na, and K. By substituting this concentration into appropriate equations that are similar to (13) The agreement between these three estimates is significant, because all three estimates are based on different data sets and techniques. Further, this agreement provides credibility to our estimate of the temperature and composition of the hydrothermal fluid. In addition, our calculated temperature, which is about 10 times the highest measured temperature, is in the range of that predicted by Williams and l/on Herzen [1983] , who estimated a temperature of 100 ø to 200øC at a depth of 1.5 to 2 km; dilution with cold lake water and loss of heat via conduction lowers the temperature to measured levels. Alternatively, if the end-member fluid is represented by the most altered pore water (4.6 mMNa), then (13) allows one to calculate the volumetric hydrothermal flux, and the temperature of this fluid must be 39øC to generate 30 MW or 31øC to generate the 23 MW reported by McManus et al. [1993] . These temperatures, which must be considered lower limits, are much lower than temperatures estimated from the data and the geothermometers listed above (equations (14)-(16) ). Further, concentrations of Li in pore water and the positive Eu anomaly observed in spring samples suggest a much higher temperature [Collier et al., 1991 ] . Taking these caveats into consideration, we reiterate that the three geothermometers used above coupled with mass balance considerations are in and of themselves independent of the pore water, heat flow, and water column data and that a temperature of about 180øC provides the best fit to the data and constraints.
Conclusions
On the basis of systematic variations in pore water chemical and thermal properties, we have presented evidence that supports the input of hydrothermal fluid into Crater Lake, Oregon. Pore water issues from the lake floor at speeds of tenths of a centimeter per year to tens of thousands of centimeters per year and are derived from mixing deep lake water with thermally and chemically altered fluids from basement. We have estimated a hydrothermal end-member temperature and composition based on geothermometers and mass balance calculations. When these compositions are substituted into flux equations (e.g., (13) 
